A B S T R A C T The lower 02 tension and more active anerobic metabolism that pertain in the inner medulla (IM) of kidney relative to cortex (C) are well recognized, but there is no evidence that 02 availability constitutes a limitinig or regulatory factor in IM metabolism or function. In the present in vitro study, we examined the effects of 02 on adenosine 3',5'-monophosphate (cAMP) imietabolism in slices of rat renal C and IM. After a 20-min incubation of slices in Krebs Ringer bicarbonate buffer with 95% 02 + 5% C02 serving as the gas phase, the cAMP content of IM wZas 6-10-fold higher than that of C in either the presence or absence of 2 mM 1-methvl-3-isobutylxanthine in the incubation media. In slices of IM incubated for 20 min with 1-methyl-3-isobutvlxanthine, cAMP was 22.5±+SE 2.48 pmol/mg wet weight at 95% 02 and 4.37 without 02. Oxygenation of 02-deprived IM increased cAMP twtofold in 2 min, an effect fully expressed in 5 min (fivefold increase 17 August 1976. which had been incubated at 95% 02. In slices of IM previously exposed to indomethacin or meclofenamate at 95% 02, a maximally effective concentration of exogenous prostaglandin E, restored cAMP and adenylate cyclase activitv to levels which approximated those observed at 95% 02 in the absence of an inhibitor of prostaglandin synthesis. These results suggest that 02 enhancement of cAMP content in IM may be mediated at least in part by local prostaglandinis.
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INTRODUCTION
The unique anatomical and physiological properties of the renal inner medulla appear to be correlated with distinctive metabolic characteristics. The content of mitochondria and of several enzyme systems involved in oxidative metabolism are greatly reduced in this tissue (1) (2) (3) (4) , while anaerobic glycolysis is much more active than in other areas of the kidnex' (5, 6) . Moreover, several in vivo observations indicate that the inner medulla is ordinarily exposed to oxygen tensions of 30-50 mm Hg, levels significantly below those that nonrally exist in the cortex (7) (8) (9) . Total 02 delivery to, and consumption by, the inner medulla have also been estimated to be only 3-5% of cortical values (10) . Despite the low 02 tensions that pertain in inner medulla, there is no evidence that 02 availability is a limiting or regulatory factor in the metabolism or function of this tissue (9) . The latter possibility was initially suggested to us by the finding that cyclic adenosine 3',5'-monophosphate (cAMP)1 levels of slices of inner medulla exposed to high oxygen tension were consistently 6-10-fold higher than those of cortical slices incubated under identical conditions. Accordingly, in the present in vitro studies, we Supernatant fractions of these homogenates, prepared as described above, were neutralized by addition of KOH. ATP was determined by the luciferin-luciferase bioluminescent method as previously reported (11, 12) . A single slice of approximately 50 mg was extracted for each assay of ATP, with duplicate samples of each extract then assayed.
Assay of adenylate cyclase and cAMP-phosphodiesterase activities. For assay of adenylate cyclase activity approximately 100 mg of tissue was homogenized in 1 ml of 10 mM Tris buffer (pH 7.4, 0-4°C) containing 0.2 mM EDTA. Enzyme activity was determined as previously reported (11) . Briefly, cyclase reaction mixtures contained 2 mM ATP, 2 x 106 cpm [a-32P]ATP, 1 mM cAMP, 5 mM MgSO4, 50 mM Tris (pH 7.6), 20 mM caffeine, 25 mM creatine phosphate, 0.5 mg/ml of creatine phosphokinase, and 1.3 mg/ml bovine serum albumin. Reactions were initiated by addition of 200-300 jig protein from whole homogenates of cortex or inner medulla and incubated for 7 min at 30°C. cAMP formation was linear with respect to time for at least 10 min and with respect to added protein (100-400 ,g) under these assay conditions. cAMP was isolated by the two step column chromatographic procedure (AG 5OW-X4 followed by alumina), as previously described (11) .
For assay of cAMP-phosphodiesterase activity approximately 75 mg of tissue was homogenized in 50 mM Tris buffer (pH 7.4, 0-4°C) containing 0.25 M sucrose. Enzyme activities of whole homogenates of the slices were assayed at 30°C as previously outlined (11), with the general method of Thompson and Appleman (13) with one modification.
[14C]adenosine (3,000 cpm) was added just before the treatment of samples with snake venom, to assess loss of adenosine through absorption to AG 1-X2 resin, as recommended by Boudreau and Drummond (14) . This loss was consistently 35 (11, 12) . Table I compares the cAMP and ATP content of slices of rat renal cortex, outer and inner medulla, and liver after incubation of these tissues for 20 min in KRBG with a gas phase consisting of 95% 02 + 5% CO2. cAMP levels of both outer and inner medulla were significantly greater than those of cortex or liver, whereas ATP content of all four tissues was comparable at the conclusion of the incubation. The relative differences in cAMP observed under these conditions at 20 min persisted for periods of at least 2 h (not shown). cAMP levels were consistently highest in the inner medulla (6-10-fold above cortical (Table II) . The action of 02 to increase basal cAMP in inner medulla after a period of 02 deprivation was rapid.
RESULTS
In medullary slices initially incubated without 02 for 20 min and then exposed to 95% 02 for timed intervals (Fig. 1) (Table II) . This was also the case when effects of exogenous PGE, on cAMP were examined during 02 exclusion in the absence of MIX (not shown). cAMP content of inner medullary slices exposed to a high atmospheric 02 resembled hormonally stimulated values seen in renal cortex and other tissues. Relative to cortex, the inner medulla is known to be an active site of prostaglandin synthesis (16) (17) (18) (19) and this process utilizes 02 as substrate (20) . Furthermore, prostaglandins are recognized agonists of the adenylate cyclase-cAMP system in several tissues, including renal medulla (21) . In view of these considerations it seemed possible that locally generated prostaglandins might be involved in the action of 02 on inner medullary cAMP. To examine this question, inner medulla was incubated for 20 min at 95% 02 with and without 100 ,ug/ml indomethacin. In incubations conducted in both the presence and absence of MIX, indomethacin significantly suppressed the basal cAMP content of inner medulla (Table III) . cAMP levels with indomethacin did not fall to those observed during 20 min of 02 exclusion (Table II) . The action of indomethacin on cAMP was not related to depletion of tissue ATP (control ATP, 0.92±+SE 0.11 umol/g wet; indomethacin, 0.96+0.10; n = 5). Reductions in basal medullary cAMP were maximal in response to 100 ,ug/ml of indomethacin. This concentration of the drug did not alter absolute accumulation of cAMP by medullary slices incubated with AVP or PGE,, or influence basal, PTH, or PGE1-responsive cAMP in cortical slices (Table III) (Table   II) . However, after addition of exogenous PGE, (Table IV) , cAMP content of slices incubated at 95% 02 with meclofenamate (37.5±+SE 4.4 pmol/mg wet weight) did not differ from that of slices incubated at 95% 02 without test agents (40.7±+5.1). cAMP responsiveness of the inner medulla to PGE, was also readily apparent in the presence but not the absence of meclofenamate (Table IV) . Fig. 3 shows the effects of indomethacin on inner medullary cAMP as a function of the 02 content of the gas phase during 20-min incubations. As the 02 content of the gas phase was increased from 0 to 50%, cAMP rose progressively from 4.13+0.38 to 18.2+1.8 pmol/mg wet weight. The correlation coefficient between cAMP and 02 from 0 to 50% was 0.92, suggesting a linear relationship (P < 0.005). In the absence of 02, indomethacin did not detectably (Table V) . In a separate experiment, slices of inner medulla were initially incubated with 50 ,ug/ml of meclofenamate for 20 min and then in the presence or absence of 0.1 mM PGE, for a final 5 min. Basal adenylate cyclase activity determined in rapidly prepared homogenates was 54+5 pmol cAMP/min per mg protein in slices without, and 86+9 in slices with prior exposure to PGE, (mean +SE of six slices, P < 0.01). The latter activity was only 100±+11 in the presence of 0.1 mM fresh PGE1 in the reaction mixture, an insignificant increase statistically. These results imply residual PGE1 or PGE,-effect in the homogenates prepared from slices with prior exposure to the agonist, a phenomenon which has been observed previously in hepatic slices preincubated with high concentrations of glucagon (11) . Such carry-over of prostaglandin effect may account for the elevated basal adenylate cyclase activity of homogenates prepared from inner medullary slices Slices of cortex and inner medulla were initially incubated at 37°C for 20 min in KRBG in the presence or absence of sodium meclofenamate (50 ,g/ml), as indicated. The gas phase was 95% 02 + 5% C02. At the conclusion of this incubation slices were homogenized at 4°C in 10 mM Tris buffer (pH 7.4) containing 0.2 mM EDTA (100 mg tissue/ml buffer). These homogenates were then assayed immediately for adenylate cyclase activity in the presence of the test agents indicated.
Concentrations of test agents shown gave maximal increases in enzyme activity. Each value represents the meantSE of determinations of enzyme activity on four slices from a single representative experiment. incubated at 95% 02 in the absence of meclofenamate (Table V) . High (0.1 mM) and low (0.1 ,xM) Km cAMPphosphodiesterase activities of homogenates of inner medullary or cortical slices preincubated with meclofenamate did not differ detectably from corresponding activities in slices not exposed to this agent (control low Km activity in cortex, 154+17 pmol cAMP hydrolyzed/5 min per mg protein; inner medulla, 143±15). Direct addition of meclofenamate or indomethacin (100 lg/ml) to phosphodiesterase reaction mixtures significantly inhibited cAMP degradation by homogenates of both tissues (not shown). DISCUSSION The results of the present studies demonstrate that the cAMP content of inner medulla is rapidly and dramatically altered by 02. These effects of 02 in inner medulla were quite distinct from those observed in cortex, although qualitatively similar changes were observed in outer medulla. When 02-deprived inner medulla was exposed to 95% 02, cAMP levels rose 4 to 6-fold in 20 min, reaching values 6 to 10-fold higher than those observed in cortex at 95% 02. While cAMP accumulation in inner medulla increased progressively as the 02 content of the gas phase of incubation vessels was increased from 0 to 50%o, only modest differences were noted in the basal cAMP levels of renal cortical slices incubated with or without 02 for 20 min. The action of 02 to increase cAMP in inner medulla was clearly evident in the presence of MIX, a potent inhibitor of phosphodiesterase activity, and was associated with higher levels of cAMP in the incubation media. Furthermore, basal adenylate cyclase activity of inner medullary slices incubated at 95% 02 was significantly higher than that of cortex, and activity of only the former was appreciably inhibited by preincubation of slices with meclofenamate. By contrast, differences in the basal phosphodiesterase activities of inner medulla and cortex were not evident at 95% 02. These observations all indicate that the enhanced cAMP accumulation in inner medulla at high 02 is due to an acceleration of nucleotide generation from the elevated adenylate cyclase activity, rather than to a reduced rate of cAMP hydrolysis or decreased cAMP efflux from the tissue to media. Previous comparisons of the cAMP levels of renal cortex, outer and inner medulla have failed to reveal the marked differences in basal cAMP content observed in the present studies of 95% 02, although a relatively high cAMP content has been noted in the inner medulla (23, 24) . Since the cAMP content of the latter is greatly altered by 02, the lower cAMP levels reported in earlier studies of this tissue could reflect differences in tissue oxygenation. In the present experiments, specific precautions were taken to insure ample 02 availability during in vitro incubations by agitating small tissue slices in 25-ml flasks containing only 2 ml of buffer and 23 ml of 95% 02-Under such conditions, progressive enhancement of inner medullary cAMP content was demonstrated in response to changes in atmospheric 02 content from 0 to 20%o. This range of atmospheric 02 should result in and encompass 02 tensions which might pertain in vivo in inner medulla. The latter has been estimated to be 30-50 mm Hg (7) (8) (9) .
There is considerable evidence that the inner medulla is an active site of prostaglandin synthesis (16) (17) (18) (19) and the present data imply that the action Of 02 to augment cAMP in this tissue may be related at least in part to local generation of prostaglandin. Indomethacin, an inhibitor of prostaglandin synthesis, markedly suppressed the effects of 02 to increase cAMP in inner medulla in response to a wide range Of 02 tensions. Meclofenamate, another inhibitor of prostaglandin synthesis which is structurally different from indomethacin (22) , also significantly reduced the cAMP content of inner medulla at high 02 tension and concomitantly lowered basal adenylate cyclase activity of this tissue. The actions of indomethacin and meclofenamate to suppress the basal activity of the adenylate cyclase-cAMP system of inner medulla were not toxic effects, since (a) these actions were specific for inner medulla relative to cortex and (b) absolute increases in adenylate cyclase activity or cAMP in response to agonists were not altered in either tissue. Indomethacin has been reported to inhibit phosphodiesterase activity in some tissues (25) and to suppress oxidative phosphorylation in hepatic mitochondria (26) . However, such actions could not be implicated in the ability of either indomethacin or meclofenamate to lower inner medullary cAMP. Thus, the ATP levels of inner medulla were not influenced by indomethacin or meclofenamate at concentrations which clearly suppressed cAMP, while inhibition of cAMP hydrolysis, which could be demonstrated upon direct addition of indomethacin or meclofenamate to phosphodiesterase reaction mixtures, would result in an increase rather than a decline in tissue cAMP. Moreover, the addition of maximally effective concentrations of PGE, to inner medullary slices which had been previously incubated with indomethacin or meclofenamate at 95% 02 restored cAMP to levels which approximated those observed in tissue exposed to 95% 02 alone (Tables  III and IV) . Similarly, a maximally effective concentration of PGE, increased the adenylate cyclase activity of inner medullary homogenates with prior exposure to meclofenamate and 95% 02 to levels comparable to those observed in tissue previously exposed to 02 alone (Table V) . Responsiveness of the adenylate cyclase-cAMP system of inner medulla to exogenous PGE, was readily apparent in the presence, but not in the absence, of blockers of prostaglandin synthesis, presumably reflecting a decline in the endogenous prostaglandin content of this tissue mediated by the drugs. 02 deprivation also led to a relative enhancement of cAMP responses to both exogenous PGE, and vasopressin (Table II) . However, this phenomenon was difficult to interpret due to the marked decline in absolute cAMP which occurred when 02 was excluded.
Thus, the present observations provide substantial indirect evidence that local synthesis of prostaglandin is involved in 02-mediated increases in inner medullary cAMP. Recent preliminary studies by Levitt2 have provided additional direct support for this hypothesis. In these experiments, inner medullary slices were incubated for 20 min at 37°C at either 95% or 5% 02 under conditions otherwise identical to those described in the present report, and the accumulation of immunoreactive PGE in the media determined by techniques previously reported (27) . Media PGE content was threefold higher at 95% 02 (33.5+4.8 ng/mg inner medulla) than at 5% F. R. DeRubertis, T. V. Zenser, P. Craven, and B. B. Davis (11+0.9 ng/mg), P < 0.001 with six slices in each group.2 The mechanism by which 02 enhances generation of prostaglandin in inner medulla is currently undefined. This effect may occur in other tissues (28) . In the biosynthesis of prostaglandins, 02 iS utilized as substrate by prostaglandin synthetase for the oxidation of arachidonic or linoleic acids (20) . Thus, it is possible that 02 availability is rate limiting in this biosynthetic step. If this is the case, then factors which alter the ordinarily low 02 tensions of inner medulla in vivo, such as changes in vasa recta blood flow (7) (8) (9) , might also influence local prostaglandin synthesis and cAMP-mediated medullary function. Changes in cAMP in vitro occurred over a range of atmospheric 02 from 0 to 20%o and, thus, in vivo physiologic correlates of this action seem possible. Although the existence of such correlates are not established by our data, nor reported in the literature, in vivo examination of cAMP, prostaglandins and cAMP-mediated inner medullary functions in response to altered 02 tensions would be of considerable interest.
Finally, although the effects of 02 on inner medullary cAMP are likely mediated in part by local prostaglandins, these 02 actions were complex and additional factors may be involved. Thus, cAMP generation in inner medulla was severely limited during 02 exclusion, and exposure of 02-deprived medullary slices to exogenous PGE1 failed to restore cAMP to levels observed in oxygenated slices, as might be expected if 02-dependent prostaglandin synthesis were the exclusive determinant of high basal cAMP in this tissue. Moreover, blockers of prostaglandin synthesis did not suppress the cAMP content of oxygenated inner medullary slices to levels observed in 02-deprived slices of this tissue, further evidence against prostaglandins as sole factors in the maintenance of high steady-state cAMP levels in oxygenated inner medulla. In part, the differences in cAMP content between inner medulla and cortex observed both with and without 02 may be a direct function of the high specific activity of adenylate cyclase in inner medulla and represent a property of this tissue which is independent of effects of either 02 or prostaglandins. Whatever the ultimate mechanisms involved in expression of the effects of 02 on inner medullary cAMP, it is clear that the conditions of oxygenation must be carefully considered in future studies of cAMP metabolism in this tissue.
